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~ ABSTRACT
Heat transfer and pressure measurements have been

measured on a 15% - 30f half angle biconic model with a blunt
nosetip in the von Karman Institute Longshot free piston tun-
nel at Mach 15 and 20 and Reynolds numbers between 1 x 106 -
and 5 x 10% based on model base diameter. The test flow para-
meter closely simulated re-entry aerodynamic conditions. The
angle of attack of the model was varied from 0 to 20°. Infor-
mation derived from the measurements and also schlieren pic-
tures enabled understanding of the effects of Mach number,
Reynolds number and flow incidence on the flow over the model
and the location and size of heat transfer peaks.
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The activities and results documented in this report
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The technical advice and guidance by Or Victor
DiCristina, Manager, Thermodynamics and Materials Test Depart-
ment, Avco Systems Division, Wilmington, Mass. in the area of
model design and instrumentation was particularly valuable.
The author acknowledges the help of Mssrs Roger Conniasselle
and Fernand Vandenbroeck in operating the tunnel and Mr Jean-
Claude Lobet for the photography. Mr U. Gdrtner of the
Ruhr-Universitdt, Bochum, participated in the tests, data
reduction and interpretation of the results, while carrying
out a "stage" at VKI.
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1. INTRODUCTION

In the design of ablation type components for re-entry
vehicles, it is critical to be able to predict the flow behayiour
on the complicated shapes evoluted during flight, The full problem
involves understanding the processes in, for instance, a boundary
layer with mass addition from ablation with transition and maybe
flow instability present. A useful input can be obtained from the
testing of appropriate passive, i.e., non ablating models in flow
conditions similar to that expected to be encountered in flight,

Because of lack of advanced facilities in operation at
present, and for economic reasons, most parametric test programs
are carried out at Mach numbers much below that encountered during
the most critical re-entry region with regard to maximum decel-
eration and maximum surface heating. Studies in the Longshot
facility, described in reference 1, have the advantage that mainly
exact simulation of Mach number and Reynolds number are achieved
with full size models. Hence, using this facility, checks can
be made on the lower Mach number studies as well as pinpointing
other areas of further necessary study.

Figure 1 demonstrates the families of shapes which have
been found on ablating re-entry nosetips. Studies to date have
included measurements on 50° - 8° biconic models (representing a
“blunt turbulent shape") and hemispheres ("spherical"). The
experimental measurements in laminar, transitional, turbulent
flow on a variety of smooth and rough-walled models of these
types with and without nose bluntness and at various angles of
attack, have been compared with appropriate theories (Refs. 2, 3).
Pressure and heat transfer measurements have been made on convex
shapes (also representing "blunt turbulent" shapes, Ref., 4) and

on concave biconic surfaces (representing “transitional" shapes,
Ref. 3). Studies of the "unsteady" flow over concave shapes
have been made and described in Refs. 5 and 6.




The present series of tests involves a systematic
study of the flow over a concave shape which resembles the
"sharp turbulent" family of shapes. The study in particular
deals with the effect on the flow of Mach number, Reynolds
number and model incidence. For the first time in such tests
in Longshot the incidence range was extended to 20° reflecting
the future interest in the high manoeuvering of missiles

within the atmosphere.




EXPERIMENTAL APPARATUS AND PROCEDURE

2.1 Test facility

The von Karman Institute Longshot test facility as
schematized in figqure 2 was used for this program. Longshot
differs from a conventional gun tunnel in that a heavy piston
is used to compress the nitrogen test gas to very high pressures
and temperatures (Refs. 1, 3). The test gas is then trapped
in a reservoir at peak conditions by the closing of a system ]
of check valves. The flow conditions‘decay monotonically dur- 3
ing 10 to 20 milli-second running times as the nitrogen trapped
in the reservoir flows through the 6° half-angle conical nozzle
into the pre-evacuated open jet test chamber. The extremes in
supply conditions used in these tests are approximately 55.000
1b/in? at 1900°K and 38,000 1b/in2 at 2320°K. These provide
unit Reynolds numbers of 8.5 x 10° and 2 x 10% per ft at nom-

inal Mach numbers of 15 and 20, respectively. The two Mach
numbers were obtained at the 14 in., diameter nozzle exit plane
by using throat inserts with different diameters.

2.2 Models and instrumentation

The concave conic model designated Model N was supplied
by Avco Systems Division and has a 0.375 in nosetip and a 7.28 in.
base diameter (see figure 3). The foreward part of the model

consisted of a conical section of 15° half angle leading to
another conical section of 30° half angle. The transition from
these two conical sections was smoothly accomplished through a
concave section with a radius of 1.75 in radius from a model
radius of 2.10 in. The model was completed with a final unin-
strumented section of 6° half angle through a convex section
again of radius 1.75 in.

Ten copper calorimeter heat transfer gauges manufac-
tured by BBN and supplied with the models were mounted flush
along the surface as illustrated in figure 3. Four were placed
on the 15° half angle surface and six placed on the 30° half




angle surface. An additional gauge which was contoured to

fit the local shape was placed on the nose of the model. Ten
pressure taps were identically spaced along the surface but at
180° around the model from the row of heat transfer gauges,
Details of the heat sensors used and the associated recording
equipment and data reduction is given in references 7 and 8.

The calibration technique used for these transducers is des-
cribed in reference 4. The gauge <calibration factors used for
these transducers are given in Table 1. Steady pressure measure-
ments were made using PCB piezo-electric transducers.

The reservoir pressure is measured using Kistler Type
6201 piezo-electric gauges. The reservoir temperature was asses-
sed from signals from a tungsten-rhenium thermocouple mounted in
the reservoir. Pitot pressures are measured with a PCB piezo-
electric transducer. The tunnel test flow has undergone detailed
calibration at the four standard test conditions using fine wire
stagnation temperature probes as described in reference 9.

2.3 Schlieren photography

An 18 in conventional single pass Toepler schlieren
system equiped with high quality optical components is used.
With the exception of one 24 in diameter plane mirror to bend
the light 90° (due to the vicinity of a wall near the test
section) the light beam takes a Z-shaped path. A single spark
light source with a spark duration of 1 usec is used in all
’ tests to record the visualisation of the flow on 3 1/4 x 4 1/4
in. sheet film,

2.4 Test matrix

Table 2 gives the scope of the test series and identi-
fies the test number with each model and flow configuration.
It can be seen that the test series provides cross sections of .
a complete matrix involving the parameters of flow Mach number, {
Reynolds number and angle of incidence. The test conditions
given in this table are nominal values. More detailed infor-
mation about the test section conditions is given in Table 3.

, 5. TNMTIPIALT AW s Y . TS e
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3. RESULTS AND DISCUSSION

3.1 Presentation of results and general remarks

The overall basic results of the study can be presen-
ted in figures 5 - 10. These are displayed in such a way as to
facilitate the discussion of the effects of changing various

parameters. The schlieren photographs, dimensional heat transfer

rate, normalised heat transfer rate and normalised pressure are
presented. Figures 5 and 6 present the results for M = 16 and

Re = 9 x 106 per ft for the angle of attack ranges of -5° < a < 5°
and - 20° < o < 20° respectively; figure 7, the results for

M =16 and Re = 4.5 x 10° per ft for - 20° < a < 20°; Figures 8
and 9 present the results for M = 20 and Re/ft = 3.3 x 10% for
-5°< o < 5° and - 20° < o < 20° respectively and figure 10
presents the results for M = 20 and Re/ft of 2 x 10® for

- 20° < a < 20°.

The experimental and normalised results for all tests
are also presented in Tables 4 - 7. The pressures are norma-
lised with respect to the pitot pressure, which is assumed to
be the same as the stagnation point pressure. The heat transfer
rates are normalised with respect to the theoretical stagnation
point heat transfer on a 0.375 in radius hemisphere, whose value
is given in Table 3 and which is calculated from free stream
conditions using the Fay and Riddell formula as presented in
reference 7.

A negative incidence, a, in the figures represents a
"leeward" surface, and a positive value a "windward" surface.
Since during one particular test the heat transfer gauges are
on a windward surface when the pressure taps are on the leeward
surface and vice versa, the figures are rearranged to align
data on surfaces with the same attitude to the flow rather than
in terms of run numbers (as in the case of the tabulated data).




3.2 Discussion

3.2.1 Pressure measurements
The pressure measurements were non-dimensionalised
with respect to the measured pitot pressure and plotted against
the distance from the nose along the surface of the model. In
order to assist discussion of the results, then simple Newtonian
and tangent cone theories were plotted, where possible, on the qraphs.

For the majority of windward flow cases the information
from both the schiieren pictures and the pressure distributions
indicate that little or no separationis occuring at the junction
between the forebody and the aft body. In these cases the pres-
sure distribution is characterised by a flat distribution of the 1
four pressures before the corner, followed by a marked peak on
the fifth gauge and a decrease to a fairly flat distribution on
the Tast three or four gauges. The pressure peak is caused
essentially by the change in momentum of the flow as it is turned

rapidly through the corner. Newtonian theory agrees best with
the forebody results, but after the peak, both Newtonian theory
and tangent cone theory overpredict the results.

It is evident for the zero angle of attack cases,
that since the pressure peak moves to the fifth (or even the
sixth gauge for the low Reynolds number cases) that the flow
has become separated, and that the separation length is increas-
ing with Reynolds number, a feature of transitional flow.

For the "leeward" flow cases at 5°, the flow is
evidently highly separated with the re-attachment point moving
towards the model shoulder, and again the separation length is
increasing with decreasing Reynolds number. At 20°, the flow
is difficult to diagnose since schlieren pictures show little
viscous flow detail but the pressures tend to show characteristics
of unseparated flow. Furthermore the measurements have very ‘
low values and are very scattered. i

R YT T
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3.2.2 Heat transfer measurements

For these measurements, no suitable computer code was
available at the Institute for prediction of these flows which ;
has complicated the diagnosis of the flow. The discussion is
broken down into the behaviour at different surface incidences. '

3.2.2.1 Zero_angle of attack

The heat transfer distributions here are characterised
by very high peak heating at re-attachment of the separated
boundary layer at values sometimes 20 times that on the forebody.
Since the gauges are widely spaced, then the re-attachment point
may fall between gauges resulting in lower heat transfer rates
than otherwise. For the high Reynolds number cases, the heat
transfer rate on the after body after separation is at a higher
level than for low Re cases indicating transition to turbulent
flow.

3.2.2.2 5° angle of attack, wind-ward surfaces

Within the scatter of the measurement, the heat trans-
fer rate appears to increase uniformly by two to three times as
one goes from the forebody to the after body, again providing
evidence that the flow is unseparated. The schlieren picture
shows that the flow is probably turbulent on the aft body for
the high Reynolds number case ( M = 16, Re = 9 x 106).

3.2.2.3 5° angle of attack, "leeward" surfaces

For both of the cases examined, the peak heating occurs
at the seventh gauge, indicating that the re-attachment point
of the undoubtably separated flow lies near this point. There
is a difference however in the distribution of heat transfer
before the peak. In the high Reynolds number case the neat
transfer rate is increasing with distance, typical of a trans-
itional or turbulent separator, whilst for the low Reynolds case
there occurs a "bucket" indication of a laminar separation.




R e bt Km-fwﬂ o LAV NN G S

- 13 -

3.2.2.4 20° angle of attack, windward surface

The distributions illustrated here are very difficult
to recreate with known flow behaviour. It is established from
schliieren photographs and pressure disturbances that the flow
on the windward meridian is attached. Nevertheless the flow is
unusual because of the high angle exposed to the flow and the
high depletion of the flow by the strong cross flow likely to
exist. Tne most common featur: in the results is that there
occurs a peak at the eighth gauge. At the highest Reynolds
number case, there occurs another peak of almost ecquivalent
size to the latter peak occuring at about the third gauge and
which diminishes in size with decreasing Reynolds number,
Transition may play a role in this unusual feature. Further-
more detailed research is suggested to understand these results.

In these cases, the forebody is at a negative angle
of incidence to the flow, and the flow boundary layer would be
thickening due to the cross flow. The heat transfer rates are
typically one order of magnitude smaller than on the windward
surface and the results are highly scattered. Nevertheless
the impression gained from the result is that of an unseparated
flow characteristic with a peak heat transfer found at the
fifth gauge i.e. the one after the corner.
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4. CONCLUSIONS

Y-~ b

i Pressure and heat transfer measurements and visualiza-
: tion of the flow were made on a 15°-30° biconic concave shape

| with a spherical nose tip representing the sharp turbulent con-
1 figuration in the family of body shapes found during reentry

F ablation. The measurements were made in the flow of the von

Karman Institute Longshot Facility at nominal Mach numbers of
16 and 20 and Reynolds numbers of 9.0x106, and 4.5x106, 3.0x106
and 2.0x108, respectively. The effect of changing the incidence
1 over a range from -20° to +20° was studied. '

Generally Newtonian theory predicted well pressures
under attached flows on the forebody but overpredicted measure-
ments on the aft body, as also did tangent cone theory. The
measurements ascertained that on windward surfaces the flow
remained attached to the surface, but in all other cases flow

separation occurred. However, there were signs that for the
leeward surface of the cone at 20° incidence the flow also
remained attached. As expected, heat transfer rates near re-
attachment exceeded by up to 20 times those occurring before
separation. Trends indicate that the separated regions increased
with decreasing Reynolds number, a sign of the existence of
transitional flow.

The measurements were generally easy to explain with
existing knowledge, except for the case of the strange heat
transfer distributions measured on the windward side of the
model when it was placed at 20° angle of attack.
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TABLE 1 HEAT SENSOR CALIBRATION INFORMATION

POSITION GAUGE RUNS CALIBRATION
NO NO USED CONSTANT
B.Th.U/ft?%sec

mvV/sec
0 23 609 0.625
24 612-614 0.677
21 615 0.669
1 1 609-624 0.624
2 3 609-624 0.628
3 5 609-624 0.607
4 6 609-624 0.658
5 7 609-620 0.609
15A 621-624 0.612
6 9 609-614 0.654
15 615-616 0.820
9A 617-620 0.796
18A 621-624 0.585
7 10 609-624 0.689
8 12 609-624 0.590
9 14 609-624 0.636
10 16 609-624 0.598




TABLE 2 TEST IDENTIFICATION - MODEL N

P A I W -
INCIDENCE, | ot | os | e20 | -20

TEST
CONDITIONS

M = 16 *
612° 613 614 620 621
Re = 9x106/ft

M= 16
611 - - 619 | 622
Re = 5x10%/ft

M= 20

610 016 615 617 623
Re = 3x10°
M = 20

609 - - 618 624
Re = 2x10°

KE",

° Test number
* Nominal test section conditions

+ Positive incidence means pressure surface "windward"
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TABLE 3 TEST CONDITIONS
T(M8) Po(rst) TO(X) PITOT(PSI)
MACH WO POT{PSC1) TO P(K) RF/FT
P(PSt) T(K) RHO V(rT/3¥C)
QD (LB/FTxx2) Q{BTU) TreR{K) CCUDENSATION
0.000 0.550000FE 05 0,190000E Ok 0.20C000% 02
15.990 0.798927TE 05 0,245702% o4 0.87296LT 07
0.7807T27E-01 0.471264% 02 0.7h6250F-04 0.73435LE Ok
0.2071217TF 04 0.939885F 02 0.219290F Ok 0.432018% 02
0.000 0,.350000E 05 0.2020007 04 0.150069% 02
15.470 0.3949811 05 o 247216% 0ok 0.LkR5051R 07
0.48L2037-01 0.505899% 02 JA3113kE-0k 0.73€132F Ok
0.116814% ok o0,721548% 02 o 220516% ok 0.L408s5387 02
0.000 .0.590000% 05 0.235000F 04 0.8000003 01
19.906 0.71657CE 05 0.303LCLE 0L 0.313777F 0OY
0.154730E£-01 0.378117F 02 0.18L330F-04 0.8189127 0
0.618078F 03 0.668823% 02 0.265925E 0L C.36C05L3E o2
0.000 0.376C00F 05 0.232000% Ok 0.51999¢31 01
19,178 0.3880&6: 05 0.28(190K 04 0©.2063C57 07
0.108387r-01 0.383808L 02 0.,1272065-04 0.70%3531F 0oL
0.Loi1877E 03 0, 503513r 2 0.25200C5H O 0.35hi101y 02
Case 1 Mnom = 15, High Re.
-~ X = 5 ) T .
Case 2, om 195, Low Re
Case 3, M = 20, Hipgh Re.
nom
Case L M = 20, Lowv Re.

non




JPARMPDULM, BDBJANS JURAD|{DA SUBIW BDUIPLIUL BALILSOd +

_ 0"t ype | IsTv ¢ o187y A T 120U 2 20 S L SR 7 gle -~ 0z- |
Lover 6 0°06 £°09 €4z 1 9798 | €62 i SLE | €1v Loey vze , 02+
L6761 812 9°81 i 062 | 6°21 m €L | 62 ' 0w | ('8 £6 609 | o i 0z | o0z
i A : | : I i '
53 1'9 cot footc fouts ozt | st ot osz Lot a (19 . o0z- | ”
| €8s 8 %9 0° 16 0°9L | 9°9¢ A 6715 | 6ec L 0'es | TUes 1729 ! | €29 ooy | m
w 895 AT 62, - g8y | o'tz - losrr lozer orrez b EZ | {919 ;-
L ovee et $°28 . 2709 | Zvy i 9766 @ eror o zey | osoee o'tv | £se lsto | ge |
6T 2€ KT €1y © 'Sl | B IE | 0ot ¢ 'y | vt ‘ €8 g0t | 491 1 o019 | 0o | €€ 02
; ! . : _ | H
v X i i ) . '
bz 2'y Lvotoss ezt Joets et tee 69°2 | 6ta | o0z- | :
A L 96 6°v2l . L7LOT | v'6S | £°99 079, | 169 _ v 6y | bS5 | 1229 | ooz !
L os'8s , 81s 6°S9 | 9'vS . 9'8C | w02 5°9 _ $°9 | LUEl 9 o1 | Pie 0 | sty 51

! ! ! i ! M_ : : [

. 1 | : ' i
SRVAT RN A 25 99 ' T'6 i L°9T | 98°p Loty ree pee | | oze | 0z-
i i A ! { i H |
| 292 LTOVL | 87061 STLOT 670 G 970U | pTLEL G STSST | LUSO | gTorl | | 120 L ooer | !
boLtse | 078y T'€6 1 pLS . 9°§2 62t o I o9s o1y 6L | AT AT m
L 08 ] 6019 £ vl . £'62l 8L , L'Lol | 0tz , 6°12 . $°€2 L"2e LA . |
[ 672, ' 0°89 -1 o9%09 8'GIl | €0 0's 1 86 | 6 |SFA S | 219 ;0 _ 6 I oot
S T ———— P S I-w e o} e m e e e em
boot 6 I 9 | s v R (S oo L (Bap) | ([ 138)
! _ _ _ | _ _ | edney | buny | (Prour | 003y | W

SINIWI¥NSYIW ¥34SNVYL LV3IH b 378V1




L4

2n

349YYysS UL G/E'p B UO Jajsueu3l 3eay juiod uoirieube3s (PIL13405Y3 3yl 03

3123dsad YitM

£20°0 ﬂ ONO.O\‘ 92070 | 82070 m $20°0 | £50°0 m 800°0 | 80070 | £00°0 | ot0-0 ! 819 0z- .
| 6v270 | Tvz'0 | £15°0 | 6vE€0 | £ST°0 | 01270 | 89170 | §12°0 | ze270 | 15270 1 veg 0z+ i
PIT'0 | 62170 , £OT°0 | £91°0 ! ££0°0 | 290°0 | £10°0 | €20°0 1 0S0°0 | €50°0 vL1 609 0 0z | oz
: i ! ! )
{ [r0°0 ! 0£0°0 © 67070 | ¥€0"0 | 2v0°0 ; §50°0 ; 61070 | ST0°0 i 21070 | €10°0Q L19 02- |
' v8270 | grevo  €vpTO | 0LET0  BLITO - €52°0 | S9T°0 | £32°0 | £82°0 | £0£°0 1 €29 0z+ | m
. : ‘ ! H . ] :
| 2e270 | p9zo fo9seTo | 8E2T0 | 20170 | - g 850°0 | 63070 m I11°0 | ¢11°0 P 919 | 5- A
" scet0 D oLeto |o2ovto | p6270 | £TET0 ¢ 9970 | £L1°0 | T1Z0 | 99170 | 00270 ts1g 1 g+ w !
8S1°0 , 122°0 102°0 | 299°0 | 08T°0 ! §00°0 : 20°0 | T20°0 | L0070 | £50°0 I soz ote 0 i €€ o0z,
! B ! ! K ; !
} 0£0°0 | 61070 : 12070 , $20°0 | S€0°0 § 9070 | £20°0 | L1070 | 01070 | 21070 | 610 | o0z- M «
0S€°0 m 61P°0 ' 2S5°0 © 94v°0 | 292°0 . €62°0 i 9e£°0 ! 90e0 | 81270 | sv270 229, 02+ | , w
65270 . 62270 2620 . 2v2°0 ' 8YE'O 060°0 | 820°0 | 620°0 | 19070 | (vo'o | 92z 4 119 0 5w 51
91070 ! 11070 | £10°0 | 22070 i 0£0°0 ~ 950°0 | 91070 ! p10°0 | 11070 | T10°0 toze ;  0z- , |
12070 . 69970 | 9£9°0 | 850 | 9€2°0Q | 8€€70 ' 8SP°0 ; 8IS0 | 25€70 | 68ETO ‘129 i o0z+ | w
251°0 | 9T0°0 | OT€°0 ' 161°0 | S80°0 , €v0°0 @ 0 | 61070 | 2070 | 92070 A 5- ; _
692°0 ' 90Z°0 : IBE°0 ~ 26p°0 | 9270 ! 6S€°0 ! 0£0°0 | ££0°0 | 8L070 | sL0°0 P19 e+ ! _
£v2°0 L2270 | 202°0 ' 98€°0 . PEL'O . LI0°0 | ££0°0 ' TE0°0 | LS0°O _ 00€ AL 0 6 91
. m g _ ; _“ i t
H _ _ ! | dutieay . M |
A S N _ L * 9 5 _ v £ 2 1 uwmwmww ©ooN (Bap) L (y_3s) |
J | | _ _ ~ abney -403y] L uny | ,prou] * 5_01x3y | w |
IN3IWIBNSY3IW 934SNVEL 1VIH _O3SITYNOISNIWIO-NON § 3718V1

el Lo




21

WPABMPpULM, 3DRJUNS JUR[BADL SUPSW dDUBPLIUL IALILSOq +
P ozero 8E1°0 GETT0 09170 l0T°G-£80°0 |S01°0-€50°C[TE1°0-311°0 o:.o-u 83y t29| 0z- m #
L €679 67E-017€ WETE-017E|2€7E-01€| BL Y 96" 1 €°1-10°2 | 01°2-89°1 0072 | 88°p 89| 02+ | |

PETL €871-88°1 5072 £s°1 £€9°0 9670 5570 6t°0-0€°0 vE0 | vv°S 609 0 0’z | oz
- . h . _ ; _ '
w © LU0 4170 0 020 9270 | S1°Q-€1°0 | 8T°0-v1°0 | 1270-6170 mN.o-:.ow 2671 £29; 02- _ m
66-8'vi 1€y 0 z2'v | 9y L €L79 €L°2 882 $6°2 82, Lt ﬁi 0+ ,
0°E-BTT §9TT 8L | 8071 9070 . €970 p9°0-25°0 | €Y 0-€€°0 €0 1L7L s190 - ~ :
p0"€ | vS'2Z 6972 1 0°€-972 !9°6-1°G, G£°0-29°0 8870 9,70 28°0 | 0£°8 919: G+ | .

p8lz C 0 ser |88z | 1672 | 9670 080 9.0 tv’e | 6v0 m 2 oter 0 | ee &
| | « | : | | : “ ;
0£°0 EV°0 | LyTO0 ! 5570 sz'0 | 2270 €70  |2€70-92°0! 6°§1,229 0z- q
901 2876 61°6 " 0T £ vl 825 | £5°§ 99°§ 8Z'S | N.Emmsh 0z+ | W

L9 98°¢ ~ S6°¢z 1979 | 8€°2 8y 1 98°0 z9°0 96°0 | 6°91.119 0 sy | st
H __ ,,‘ M : | S !
w 89°0 970 | v'0 16870 m 8E"0 ‘ §5¢°0 €6°0  [cr70-1v70] 0°0f 129 02- |
| vEl L€l | 9°¢1 _ 161 $12 9e°8 | 60°6 v8'8 | 95°8 8°L2 029, 0z |
) 2ets . 9zTL o I6TY o 1E72 521 _ s0°t | 86°0-SL°0 16°0. | €0°1 2'0€ip19 G- ‘ “
Dostel | €3 98 | £°01 8 0l §6°2 _ 1672 6272 | 91°2 9°62 €19, S+ |

ce'y e ey 5°€1 * sv'p | oy 2zt et “ 6e° 1 b IE2190 0 6 | 91
6 8 I 9 | § | v £ 2 Ny (Bap )| ({137

| | ‘ ! _ ~ _ | ebneg | 303rgluny{ Proulfy orxey|

ZNI/87 S3IUNSSIYd

9 3149vd

o




22

WPUBMPULM, JIBLUNS JURAI|DJ SURBW 3DUIPLIUL

. 5200 820°0 ~owo.o-mﬁo.o“mﬁmﬂo-mﬁo.oHNNo.o-vNo.o 2200 | vzo | oz-

| 56970756970 489705690 08970-5€9°0 ” 1op°0 5¢°0-19°0,  £¥70-9E°0) 19070 m 819 | 02+

19v2°019€€70-£5270" v 682°0 : £0°1 660°0 | 60°0-550°¢!  §290°0 ! 609 0

| | £20°0 _ L2070 | 20°0-810°0[¥20°0-610°0:620°0-920°0{v£0°0-€20°0 €29 | 0Z-

“ N@.o_ 85570 m £€09°0 M pSET0 eLe"o | £8¢°0 59€°0 L19 0z+

{ ez0] w1270 i 0p1° 0 | z50°0  €80°0-£90°0 950°0-£40°0 670" 0 §19 5-

199¢°0 0€°0 19€°0-€1€70 060°0-y£0°0] 9010 | 160°0 660°0 919 5+

fzoec0| 62270 : b0t 0 7 T11°0 901°0 | 59070 890°0 019 0

m ' 61070 ﬂ 0£070 9100 | pI10°0 | 02070 |020°0-910°0] 229 | 02- | |

va@.o” 4570 L 8£9°0 92€°0 PHETO | 05E°0 92€°0 | 619, oz W |

192270 8220 ” 16£°0 £80°0 | 18070 | /£0°0 £50°0 & 119 0 !

W . 9too 52000 £10°0 21070 1 81070 steo | tes | o0z- w

leev o, 26770 m £95°0 10€°0 (o | 81E°0 gogto | 029 .oz | !

l9s170! 0v2°0 j 94070 GE0'0  :G€E0°0-520°0° 0€0°0 v€0T0  § v19 G-

| W 0820 _ 8ve’ 0 660°0 ! 580°0 LL0°0 €070 M £19 g+

WooN | 56170 M 0€9°0 55070 w 6€0°0 w 2v0°0 pv0°c || 219 0

Mm i T ) X * | R ( )

| 6 8 : L * 9 v ” £ , ) i 1 o oN | (Bap). {;_34)

| | | | ‘ abney * uny +v_ucu_w-o~xom
SIYNSSIYd TYNOISNIWIO-NON £ 318vL




i s

7 NOSE TIP

1.

SPHERICAL

FIG.

1

Ve

d /
Lq’./

/  eat—/

/
/
/-
I

4.

/e

-
-~
-
rd

NOSETIP SHAPE EVOLUTION.

3, BLUNT TURBULENT

TRANSITIONAL

5. UNSTEADY

6. SHARP TURBULENT
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2 runs per day.

FIG. 2 SCHEMATIC OF THE LONGSHOT FREE PISTON TUNNEL
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